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Abstract 
There are currently over 1.6 million patients in the United States who are missing limbs; this 
number is estimated to double by the year 2050 [19] . Over 1,000 of these cases are amputee patients 
from the armed forces (where over 20% of discharged service members and approximately 13% 
of active service members required upper body prostheses) [8] . There are multiple problems with 
current prosthetic devices for upper body amputations and limb loss. According to a 2011 study 
published by the Veteran's Affairs, approximately 44% to 45% percent of the upper body amputees 
felt that the use of a currently available prosthetics interfered with working properly in some form. 
Additionally, a staggering 70% believed they were limited with what types of activities they were 
able to perform due to the restrictions of having a prosthetic; More than 60% felt that they were 
restricted by their prosthetic with how much work they could complete [8] . Our project aims to 
rectify some of the problems encountered with the technology that is currently available. The goal 
of our project is to increase the usability of a prosthetic device and to increase the capabilities of 
the prostheses. Ultimately, our hand and forearm will be able to adjust the forces applied to an 
object to ensure a firm, but not insufficient grasp, as well as be self-aware in regards to its spatial 
orientation and distance from an object. 
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1 Introduction 
Prosthetics is a rapidly-growing field of research. There is a constant movement towards smarter 
prosthetics that are progressively becoming more affordable and more advanced, with the hope 
that someday a prosthetic device will be created that can rival, or even surpass, the capabilities of 
human limbs.  This progress is being driven by the increasing number of people who, due to 
amputations or birth defects, require a prosthetic device. Our project, in keeping with technological 
advancements, aims to create a working robotic, prosthetic hand and forearm that will look and 
act similarly to a human hand; improving on the advancements from the previous years. We aim 
to provide a solid platform with a basis to further extend its use as a prosthetic in years to come. 
In order to achieve this, we aim to integrate multiple systems, including an infrared sensor for 
proximity detection and IMU along with single-axis force sensors (used for tactile and pressure 
sensing), to make the prosthetic more interactive, while increasing its potential and minimizing 
costs in the process.  
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2 Background Research 
2.1 Anatomy 
The lower portion of the human arm is one of the most unique structures in the entire human 
body. The structures are delicate and coordinated enough to carry fragile items, while being 
strong enough to support heavy objects. Within the three main areas of the lower arm, the hand, 
wrist, and forearm, there are five (5) major components. These components (bone and joint, 
muscle, ligaments, nerves, and blood vessels) work together simultaneously, ensuring proper 
functionality at all times. 
 
2.1.1 Hand 
The hand is comprised of 19 smaller bones. These 19 bones are separated into two subdivisions: 
metacarpal bones and phalanges, as shown in Figure 1.  
 
Figure 1: Bones of the Hands 
The metacarpal bones connect the carpal bones of the wrist to the phalangeal bones of the fingers 
and thumb - making up the palm of the hand. There are three phalanges in each finger, with the 
exception of the thumb, which only has two. The joints between the metacarpals and phalanges 
are the metacarpophalangeal joints. Each joint is covered in cartilage, known as articular 
cartilage [14]. The multiple phalangeal bones connect at interphalangeal joints (closer to fingertip 
are proximal interphalangeal joints, closer to the metacarpals are the distal interphalangeal 
joints). These joints as well are covered by the same articular cartilage [14].  
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2.1.2 Wrist 
The wrist consists of eight (8) carpal bones. These carpals connect to the ulna and radius, as well 
as the five (5) metacarpals found in the palm of the hand. The connection to the ulna and radius 
create the wrist joint which is responsible for the extension, flexion, and radial and ulnar 
deviations (waving). These motions are better depicted in the following figure.  
 
Figure 2: Motion of the Forearm, Wrist, and Fingers 
2.1.3 Forearm 
The forearm consists of two (2) bones: the ulna and the radius. The ulna comprises the outer half 
of the forearm while the radius is the internal bone. Rotation (pronation and supination are 
shown in Figure 2 above) and many of the other motions of the hand and wrist (such as bending 
of the wrist) are controlled by muscles that connect in the forearm. Some of these muscles 
connect at the elbow and extend across the hand, controlling motion of the fingers, others 
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connect at the top of the forearm close to the wrist and control fine motor movements. The 
exception are the muscles that help control the motion of the pinky and thumb (for thumb 
opposition) start at the carpal bones [14]. The forearm is additionally responsible for housing the 
three main nerves for the hand sensation. The nerves: ulnar, medial, and radial - begin at the 
shoulder and each allow sensation in a different section of the hand. Figure 3 shows the areas 
associated with sensation controlled by each nerve. 
 
Figure 3: Sensational Areas of the Hand 
 
2.2 Prosthetics 
A prosthetic device is any type of assistive device or limb that is used to replace a missing limb 
or body part due to amputation or illness [18]. Prosthetics are designed to return functionality and 
use of the missing limb, as closely as possible to the original limb.   
 
2.2.1 History 
Prosthetic devices have existed for centuries throughout all cultures. Some of the earliest knows 
prosthetic pieces were found within the ancient Egyptian culture [12]. The complexity of 
prosthetics has increased as technology has advanced. Newer materials, such as carbon fibers 
and 3D printed prosthetics are allowing new age limbs to be built with the ability to incorporate 
more technology, replicate human anatomy and motion more closely, and also be more cost 
effective.    
 
There are two primary categories of upper body prosthetics. Transradial prosthetics and 
transhumeral prosthetics are both replacement limbs for missing arms. Transradial prosthetic 
8 
devices replace missing arms starting below the elbow, whereas transhumeral prosthetics replace 
missing arms from some point above the elbow. For both of these categories, the available 
prosthetic devices can be grouped as either a cable operated or myoelectric prosthetics [12].  
 
2.2.2 Cable Operated Prosthetics 
Cable operated prosthetics (also referred to as body-powered prosthetics) are devices which are 
controlled through the use of tensioned cables and pulley systems. The system is driven by the 
cables which are typically harnessed around the opposite, healthy shoulder, or occasionally for 
smaller amputations, controlled by cables connected to the wrist [3]. Cable-operated prostheses 
are controlled in one of two ways. The terminal device is either voluntary-opening or voluntary-
closing. With the voluntary-opening devices, the cables are tensioned to open the prosthetic 
fingers when an elastic force is present [9]. For the voluntary-closing devices, the tensioning 
causes the fingers to close when the elastic force is presented [9]. The most common grip attached 
to the “hand” portion of the prosthetic is a hook, as shown below in Figure 4.  
 
Figure 4: Hook “Hand” Cable Operated Prosthetic 
Cable-operated systems have their drawbacks. The most prevalent drawback of these devices are 
centered on the need for a terminal device, or some form of artificial hand or hook. These termini 
restrict the usability of the prostheses as most ends are designed for a specific task. This requires 
the user to have multiple terminal devices (examples shown in the figure below) in order to 
obtain the same level of functionality as myoelectric prostheses [10]. However, there are multiple 
positives to the simple cable-operated prosthetic. Hook termini are smaller, and thus can be used 
to access smaller and narrower locations than the full-hand prostheses. Hooks are also extremely 
functional for occupations where the user is required to fulfill manual work [10]. 
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Figure 5: Available Terminal Device Options [12] 
 
2.2.3 Myoelectric and Combination Prosthetics 
Myoelectric prosthetics are devices created using electronics to control the hand based on input 
sensed from muscle movement and impulse. The hand is moved typically by battery power 
which provide electricity to motors when stimuli are picked up by the sensors. Myoelectric 
devices tend to be more versatile and allow for more natural motion and actuation of the 
prosthetic device as well as looking more anatomically correct than some cable operated devices. 
However, due to their newer market status in comparison to the well-recognized hook 
prostheses, myoelectric arms can be very costly to the patient due to their status as 
“experimental” in some cases by insurance companies [1]. Additionally, myoelectric prosthetics 
require the remaining muscular activity to emit a minimum voltage threshold (typically on the 
magnitude of microvolts) [1] as well as typically requiring an external power supply charge for 
use. A cross-sectional diagram of an example myoelectric prosthetic is shown in Figure 7. 
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Figure 6: Myoelectric Prosthetic Cross-Section 
There are also versions of prosthesis that combine features and functions from multiple 
categories of designs. One such device is the IRIS hand, designed in 2014. The design combined 
the cable aspect of user-powered devices, with the power aspect of motorized devices. The final 
design was a series elastic design, capable of moving on its own, requiring minimal input from 
the user, while simultaneously using minimal electronics [5]. A photograph of the IRIS hand 
follows. An image of the internal networking is shown in the following design section. 
 
Figure 7: IRIS Cable Operated Prosthetic Device 
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3 Design and Specifications 
3.1 Specifications 
3.1.1 Task Specifications 
The success of the hand is measured by how well it can 
function as a prosthetic. In the pursuit of that goal we have 
determined the following task specifications, detailing the 
full set of tasks that the hand should be able to 
demonstrate as a final product.  
● Prosthetic hand should know the current 
orientation of the palm within 5 degrees, using the 
IMU  
● Hand should be able to perform all 3 basic grips 
○ Precision (pinch) - hold pencil 
○ Power - hold can/mug 
○ (Support - grocery bags) - will not be tested 
● Fingers must have enough grip strength to hold 
and carry an empty mug, or approximately 500 g. 
● Hand should be able to move individual fingers 
independently of each other. 
● Fingers should be able to register effective force to grip without breaking object by using 
integrated force sensors.  
● Hand must be able to successfully hold an object using the following process: 
○ Correctly identify an AR Tag corresponding to a specific object, or object shape, 
when camera is directed at it. 
○ Send the appropriate signal to be processed based on AR Tag recognition.  
○ Move fingers to the correct pre-grasp position using PD controller once an object 
is identified. 
○ Identify when object is within reach of fingers, or within 2-3 cm from IMU/palm. 
○ When object is within grasping range, close fingers on object and apply the 
appropriate amount of force to grip object.  
Figure 8: Various Grips 
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○ Maintain a consistent and steady grip on object as it is being lifted.  
■ Keep object orientation within 10 degrees - for testing with mug, this is to 
avoid any type of spilling of liquid. 
■ Fingers’ points of contact should not move on object once it is fully 
grasped by the hand, and should maintain appropriate force to grasp 
object.  
 
3.1.2 Design Specifications 
In order for our platform to support the above listed task specifications, we have identified the 
following as design requirements: 
● Hand must contain a camera, IR sensor, IMU, and five (5) single-axis force sensors. 
● Each finger must be able to measure the force it is applying to an object through the use 
of a sensor embedded in the fingertip.  
● Wiring should be neat and take up as little space as possible 
● The forearm needs to be able to contain all necessary electronics (other than what is in 
the hand) to control the arm  
● Fingers must be strong enough to apply a consistent amount of force to objects 
● Arm needs to be both lightweight and durable  
● Electronics within the arm need to be easily accessible within five minutes  
These are the core requirements to facilitate the completion of our objectives.  
 
3.2 Design 
3.2.1  Previous Designs 
It was necessary to understand the design features of previous iterations in order to sufficiently 
make alterations. Previous hand designs started first with the “Design of a Human Hand 
Prosthesis,” completed in 2012 as an MQP by Paul Ventimiglia. The design of this hand was 
comprised of multiple key aspects that would later be implemented into our own design. Primary 
key aspects were the finger design and the use of worm gears. The finger design consisted of two 
separate finger components, linked together with a single linkage. This linkage was connected at 
the knuckle and at the base of the fingertip pieces. As the motor rotated the gears, the metacarpal 
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would begin to rotate on its axis as well. As this happened, the linkage would also rotate 
proportionally, effectively curling the fingertip. The figure below shows a three-stage depiction 
of this movement. 
 
Figure 9: Progression of the Curling Finger 
The worm gear was additionally critical to the design of the hand. These gears were able to 
ensure there was minimal to no back driving on the gears when the motors were not in use. 
Reducing the unnecessary movement of the gears reduces wear on the gears, maintains structural 
integrity, and elongating the life expectancy of the prosthesis. 
 
The first iteration of this specific robotic hand project was the IRIS hand, which used a spring 
cable mechanism to control the fingers. This was an attempt to imitate the way a human hand 
uses tendons and muscles for its motion. Using a camera for object recognition, as a finger 
curled, the cable (nylon rope) would pull on the spring at the base of the fingers. As the springs 
expanded, tension would build in the system which would allow the fingers to return to starting 
position without additional electrical input. A diagram showing the spring and cable system has 
been taken from the IRIS hand report and is reproduced below. 
 
Figure 10: Spring and Cable Mechanics  
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Force identification was processed using the total deformation of the springs as they extended. 
While the hand was successful in grasping basic objects, the spring and cable mechanism 
required a lot of internal space in the arm to accommodate all ropes and springs, as depicted in 
the following image. In addition, the motor drivers had a tendency to burn out. 
 
Figure 11: Spring and Cable Prosthetic System 
 
The second iteration attempted to swap out the springs and cables of the IRIS hand for motors 
directly driving the fingers. This made more room in the palm and arm for electronics. Force 
recognition was conducted through measuring the current running through the motors driving the 
finger gears.  The palm case was altered slightly from the IRIS hand to accommodate a larger 
thumb rotation base, as well as accommodating the addition of gears to rotate the wrist with 
motors. From this specific design, we decided to take the base design of the palm case, including 
the use of the camera, and the forearm for our project. Renderings and images of the final hand 
design hand are shown below. 
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Figure 12: Frankenhand Palm Case Design, both halves fitted together 
 
 
 
  
Figure 13: Constructed Prototype 
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3.2.2  Final Design 
For the final design of this iteration, design aspects were taken in combination from previous 
projects. The primary design alterations from the most recent iteration (VIPER hand) were based 
around increasing the processing capabilities of the prosthetic. The palm case from the VIPER 
project was altered to include space for the addition of an inertial measurement unit (IMU) and 
an infrared sensor (IR). Both were intended to be used for spatial recognition and arm 
stabilization. The wire channel in the base of the palm case was made wider and deeper for easier 
closure of the case and to allow the addition of more wiring to the new components, while new 
wire channels were added on the back half of the case for wire management. Due to the alternate 
finger design selection, the knuckle slots in both halves of the palm care were re-designed. 
Previous designs were centered on the use of standard bevel gears. The new design made the use 
of the worm gears feasible. The palm case as redesigned can be seen below. 
 
 
Figure 14: Redesigned Palm Case 
Secondary changes to the previous design were centered on the fingers. As noted previously, the 
design for the fingers was adapted from the original prosthetic hand project. The new fingers 
were modified from the original design to include a slot in each fingertip for a silicone-covered, 
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single-axis force sensor and cable channel through the phalanges. These force sensors were 
implemented to more accurately measure the changes in force between the time the fingers were 
not in contact with an object and the moment the maximum required force was reached. 
 
Figure 15: Finger Redesign with Sensor Slot and Wire Channel 
The fingertips were widened laterally from 0.31” to 0.50” to allow sufficient space for the sensor 
slots and to be more anatomically correct. 
 
Beyond the mechanical aspects of the redesign, the control process of grasping an object was 
altered as well. The closing of the grasp was intended to be automatic based on the combination 
of object recognition and proximity, dictated by the camera and IR respectively, as well as the 
fingertip sensors. The design inclusion of an IMU was intended to aid in prosthesis-object 
stabilization in the event that the user were to move their arm position significantly. The addition 
of the new sensors required a system upgrade from an Arduino Uno to the newer Arduino Due, 
since we now needed five inputs from force sensors, eight inputs from potentiometers, and two 
inputs each from the IMU, rangefinder, and camera, as well as 8 motor outputs. An I2C breakout 
board was also purchased to accommodate the larger data input. Architectural diagrams of the 
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electrical and coding components are laid out as follows: 
 
Figure 16: Rough Electrical Schematic 
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Figure 17: Code Flow Diagram 
 
4 Performance and Evaluation 
4.1  Design Evaluation  
4.1.1 Finger Design and Evaluation 
When it came to designing our fingers, we had several design specifications that we needed to 
balance and prioritize.  
Priority Feature 
1 Able to interface with required 
components 
2 Accurate and Precise control 
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3 Look and act like human fingers 
4 Durable and able to withstand 
significant force 
5 Simple and easy to make 
 
First and foremost, the finger would be useless if it could not be implemented, so it needed to be 
constrained to fit within the palm of our hand. It also needed to house a functioning force sensor. 
Our next priority was to ensure that the fingers were able to move both accurately and precisely, 
since we wanted to allow the hand to grip a wide variety of things. Biological imitation was our 
third design consideration. Since it is a prosthetic, it needed to look and act similarly to a human 
hand. Then came durability. Since this is only a prototype, durability wasn't a huge concern. 
However, for a final product, durability should be a higher priority.  Finally, we wanted simple 
and easy to make hands to reduce the number of failure points and pave the way to an affordable 
and reliable prosthetic.  
 
The fingers were adapted primarily from the design used in the first model of the hand. The main 
fingers have two links and are actuated by a single motor. Each finger contains a linkage bar that 
curls the tip of the finger as the finger moves, to simulate how an organic hand works. The 
thumb has two degrees of freedom, one being the typical curling motion of a finger, the other 
allowing the thumb to rotate (how to describe the thumb motion. Use pictures) 
All of the fingers were given slots in the tip to accommodate the force sensors. Each slot for the 
sensor has a wiring channel that leads back down through the finger segments and into the hand.  
Since finger precision was one of our most important objectives, we opted to use worm gears to 
drive the fingers. This prevented the fingers from being backdriven, as well as giving us a 
slightly slower and easier to control motion.  
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Figure 18: Worm Gear Driving Finger 
The thumb was a little harder to design because it required two axes of rotation. Again. We were 
able to adapt a design from a previous year to our purposes. The first motor rotated the housing 
of the thumb laterally, while the second motor actually curls the thumb. This works because the 
housing of the thumb is rotationally independent from the motor and worm gear that curl the 
thumb.  
 
Figure 19: Rotational patterns of the Thumb 
This allows our thumb to rotate in both axes normally seen in a thumb.  
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Figure 20: Range of Motion of the Thumb 
We were then able to rate ourselves on how well we felt our fingers met their specifications. 
Priority Feature Rating (out of 5) 
1 Able to interface with required components 4 
2 Accurate and Precise control 2 
3 Look and act like human fingers 4 
4 Durable and able to withstand significant 
force 
2 
5 Simple and easy to make 4 
 
The fingers were able to interface with both the palm and the force sensors flawlessly. The only 
difficulty came in attaching the potentiometers. Unfortunately, the press fit planned for the 
potentiometers was not tight enough, so they had to be glued in place on the fingers. Despite that, 
the interface was sound. The fingers then lost some points in the accuracy and precision 
category. Partly due to the 3D printed material, the set screws that set the fingers to the shaft 
ended up stripping the threads from their holes. When the set screws failed there was no reliable 
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method of fixing the rotation of the potentiometer to the curling of the finger, so the finger’s 
motion was not accurately trackable.  
 
The fingers looked quite similar to real fingers, and the range of motion is very similar to that of 
natural human fingers. Due to the second joint of the finger being kinematically linked to the 
first joint, the range of motion for the fingers are lacking in the ability for the second joint to 
move independently of the first. However, that was never a feature that we intended on 
implementing due to the size constraints of the hand and the complexity of such a mechanism on 
top of the existing hardware.  
 
The fingers were also somewhat lacking on the durability side, but as stated above that was an 
acceptable result of the prototyping phase. Future iterations can focus on improving the materials 
used to make the fingers stronger and more resilient. One side effect of that would also likely be 
improved precision, since points of rotation will wear less over time. Finally, the fingers were 
fairly simple to assemble and did not require an overabundance of moving parts.  
 
4.1.2 Palm Design and Evaluation 
For the palm design, there were six main aspects the design needed to cover. 
Priority Feature 
1 Knuckle slots needed to fit new knuckle design to 
hold fingers 
2 Palm case needed to have sufficient space and 
designated spots for the camera, IR, and IMU 
3 The case needed to have sufficient space for all 
wires 
4 The width of the case at the wrist needed to fit 
within the dimensions of the forearm 
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5 Strong enough to hold heavier objects plus all 
electronics 
6 Anatomically accurate 
  
The most important aspect of the palm was the need to fit the knuckles. If the case did not 
accurately fit with the newer knuckle design, then the fingers could not be mounted. The palm 
also needed to have sufficient spacing to accommodate the addition of the IR and IMU. The 
camera slot needed to be adjusted to make this possible. With the addition of new electronics, 
there also needed to be extra space within the case to allow for all wiring. Insufficient space 
could lead to the inability to neatly wire all objects and/or the inability to secure the case closed. 
The fourth major priority when designing and evaluating the palm was the ability for the case to 
fit within the tolerances of the forearm. In the first prototyping run of our project, the wrist area 
of the casing was too wide, and thus the palm needed to be altered again. 
 
While firmly grasping objects is important in consumer prosthetics, the strength was not a high 
priority. However, because the ideal goal of the project is to iterate the hand to a point where it 
could be consumer-ready, the durability and strength of the palm material needs to be 
considered. Finally, for aesthetic reasons, the case needed to be as close to anatomically correct 
in size to ensure a prosthetic that would be usable. 
 
Evaluating the success of these main points was critical. Our rough evaluation of the completion 
of each criteria follows. 
Priority Feature Rating (Out of 5) 
1 Knuckle slots needed to fit new knuckle design to 
hold fingers 
5 
2 Palm case needed to have sufficient space and 
designated spots for the camera, IR, and IMU 
3 
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3 The case needed to have sufficient space for all 
wires 
2 
4 The width of the case at the wrist needed to fit 
within the dimensions of the forearm 
5 
5 Strong enough to hold heavier objects plus all 
electronics 
4 
6 Anatomically accurate 3 
Although the knuckles were able to stay in the case without excess movement, the palm case was 
not perfectly capable of fitting them. Areas of the slots were sanded down on both the bottom 
and top of the case to make the fit better for all knuckles. The spacing for the electronics, 
although adequate, was not ideal. The camera slot was shifted laterally to include spacing for the 
IR, and the IMU was given space on the back half of the palm case. However, the IMU location 
had to be altered from the center of the palm, to underneath the pinky finger, due to the overlap 
of the IMU with one of the thumb motors. 
 
The palm fell short primarily in regards to adequate wire spacing. Once the fingers and motors 
were assembled in the palm case, the wire channel at the wrist needed to be sanded to allocate 
more space. Despite this, the wires still kept the case from securely closing shut, even when 
screwed together. The palm case did fit into the tolerances of the forearm, but only after a small 
dimensional modification and re-print of the case. With the re-printing, the material for the case 
was specified as such that it would have a high tensile strength to ensure the palm would be 
durable. Anatomically, the case ended up being slightly larger than an average adult male hand, 
pushing it towards the higher bounds of hand sizes. Ultimately, the hand should be closer to the 
size of an average adult, male or female, to ensure use. 
 
4.2 Electronics 
Unfortunately, due to time constraints we were not able to fully implement and combine all of 
our electronic components. However, we were able to interface with each electrical element and 
gather data from them independently.  
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4.2.1  Camera: 
  
Figure 21:  Example of Camera Recognition 
We were able to use the preexisting code for the camera to successfully identify the AR tag we 
tested with. The PCDuino then sent a confirmation signal to the Arduino board.  
 
4.2.2  IMU: 
The IMU came with a downloadable library that made implementation a breeze. It was able to 
directly output the Euler angles, as well as the data from the magnetometer, gyroscope, 
accelerometer, and gravitometer. Using the Euler angles we were able to demonstrate a simple 
loop where the Arduino output which direction to rotate the hand in order to make it upright. The 
IMU included drift correction in its programming.  
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Figure 22: Sensing Orientation with the IMU 
These pictures show the output of the Arduino with the IMU rotated in each direction and then 
upright. The screens output the direction in which the sensor needs to be turned to be in the right 
orientation.  
4.2.3  IR Rangefinder: 
The Infrared Rangefinder came with a downloadable library that, much like the IMU, output all 
of the data that was required for this project. However, it seemed likely that the walls of the slit 
that the rangefinder peeks through could skew its readings. To compensate we performed an 
accuracy evaluation on the rangefinder, measuring the output of the rangefinder reading a flat 
surface at ten millimeters from the surface of the palm.  
Distance (from palm) Trial 1 Trial 2 Trial 3 Average 
0 mm 20 18 19 19.0 
10 mm 29 26 25 26.7 
20 mm 33 36 35 34.7 
30mm 42 44 41 42.3 
40mm 49 51 48 49.3 
50mm 59 61 59 59.7 
60mm 69 68 72 69.7 
70mm 81 81 80 80.7 
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80mm 88 86 87 87.0 
90mm 94 96 94 94.7 
100 mm 104 101 103 
  
102.7 
 
 
Figure 23: Linear Fit of Rangefinder Data 
We took three readings at each distance between zero and one hundred millimeters from the 
hand. We were then able to evaluate a linear best fit, which had an R2 value of 0.9974, meaning 
it fits the curve quite well.   
4.2.4  Force Sensors: 
 
Figure 24: Fingertip Force Sensor Readings 
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The force sensors were effective at recording force, but they were not terribly accurate in their 
measurements.  
4.3 Specification Review 
Specification Was it met? 
Prosthetic hand should know the current 
orientation of the palm within 5 degrees, 
using the IMU. 
Yes. IMU is accurate at sensing well within that 
level of accuracy  
Hand should be able to perform all 3 basic 
grips. 
Partial success 
● Precision (pinch) - hold pencil  The hand had some difficulty performing this 
● Power - hold can/mug  Yes, the hand was able to perform a power grip 
Fingers must have enough grip strength to 
hold and carry an empty mug, or 
approximately 500 grams. 
Yes, fingers were successful in holding a coffee 
pot well over 500 grams 
Fingers should be able to register effective 
force to grip without breaking object by 
using integrated force sensors. 
 
Possibly. Not enough testing was done to see if 
the force sensors readings could be refined 
enough for accurate force measurements.  
Hand must be able to successfully hold an 
object using the following process: 
Partial success 
● Correctly identify an AR Tag 
corresponding to a specific object, or 
object shape, when camera is 
directed at it. 
Yes, the robot is able to identify an AR tag. 
● Send the appropriate signal to be 
processed based on AR Tag 
recognition.  
Yes, upon identifying an AR tag it sends the 
appropriate signal to the Arduino. 
● Move fingers to the correct pre-grasp 
position using PD controller once an 
object is identified.  
No. Testing did not progress far enough fot this 
step to be implemented. 
● Identify when object is within reach 
of fingers, or within 2-3 cm from 
IMU/palm.  
In theory, yes. However, this was never tested 
with the full hand assembly grasping an object. 
Only with the rangefinder by itself.  
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● When object is within grasping 
range, close fingers on object and 
apply the appropriate amount of 
force to grip object.  
No. It can definitely close the grip, but the 
appropriate force is reliant further refinement of 
the force sensor data. 
● Maintain a consistent and steady grip 
on object as it is being lifted.  
No. again, this is requires further analysis of 
readings from the force sensors.  
● Keep object orientation within 10 
degrees - for testing with mug, this is 
to avoid any type of spilling of 
liquid.  
In theory, yes. The IMU proved proficient at 
determining orientation, but it was never tested 
on the full hand assembly. 
● Fingers’ points of contact should not 
move on object once it is fully 
grasped by the hand, and should 
maintain appropriate force to grasp 
object.  
No. The full code structure was not 
implemented, so this could not be evaluated.  
 
Figure 25: Hand Holding Ice Cream 
 
Figure 26: Holding the Heavier and Harder to Grip Paper Towel Roll 
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Figure 27: Testing a New Grip on a Coffee Pot 
 
Figure 28: Robot vs Human Grip on the Coffee Pot 
 
 
5 Recommendations for Future Work 
Based on the completion of our project, we recommend the continuation of this project for a 
minimum of another year. The biggest priorities for continuation of this project surrounds the 
coding of all electronics to fully integrate all systems. Additionally, within the electronic 
systems, expansion of the camera capabilities would be beneficial. Being able to identify basic 
objects without the use of an AR tag would be integral to making this hand a viable prosthetic.  
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In terms of physical suggestions, we recommend the following project(s) look for additional 
ways to make the prosthetic more life-sized, as in its current design, it is larger than a normal 
adult hand. Structurally, the shafts pinning the fingers to the knuckles should be replaced with 
slightly thicker shafts, as well as including a drilled hole of 3/16” through the shaft to secure the 
movement of the finger rotation to the potentiometers.  
 
In order to control the organization of the wiring, it is also recommended that the wire channel 
through the wrist is both deepened and widened. This will create the additional space needed to 
connect wiring to the IR, IMU, and camera. The extra clearance will make closing the palm case 
easier. 
 
Overall, with a few minor mechanical updates this hand will provide a strong platform for an 
innovative and intelligent prosthetic hand. Once the electronics can be fully implemented the 
hand can be coded to identify and grasp a wide variety of objects, as the original project had 
strived for. 
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7 Appendix A: Bill of Materials and Associated Cost 
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